ABSTRACT-N-methyl-D-aspartate (NMDA)-induced translocation of protein kinase C from the cytosol to membrane fractions was examined by the [3H]phorbol 12,13 dibutyrate (PDBu) binding method in guinea pig cerebral synaptoneurosomes. Pre treatment of synaptoneurosomes with NMDA, but not that with quisqualate or kain ate, induced changes in the distribution of [3H]PDBu binding in the cytosol and mem brane fractions in a dose-dependent manner. The NMDA-induced changes of the binding were completely dependent on Ca 2+ and inhibited by NMDA receptor anta gonists Mgt+, 2-amino-5-phosphonovaleric acid and ketamine, but not by Zn2+. Glycine slightly potentiated the NMDA-induced changes of [3H]PDBu binding. NMDA stimulated Ca 2+ uptake but not the phosphoinositide hydrolysis in the synap toneurosomes. These results suggest that NMDA enhances Ca 2+ influx through receptor-operated Ca 2+ channels, increasing intracellular calcium concentration and thereby induces translocation of protein kinase C.
The excitatory amino acids, L-glutamate and L-aspartate, appear to be the major ex citatory neurotransmitters in the vertebrate central nervous system (CNS) (1) . It is now well-known that there are three main recep tors for excitatory amino acids, N-methyl-D aspartate (NMDA), quisqualate and kainate receptors. Of these three receptors, NMDA receptors are concerned with various brain functions such as memory and neuronal death (2) (3) (4) . Long-term potentiation (LTP), a long lasting increase in the synaptic efficacy, which is evoked by a brief high-frequency stimula tion (5) , plays a crucial role in learning and memory (4) . LTP, which is initially observed in the hippocampus, has now been recognized in a variety of brain structures. Induction of LTP, especially in the CA1 region of the hip pocampus, requires the activation of NMDA receptors (6) , and maintenance of LTP is de pendent on the activation of protein kinase C (PKC) (7, 8) . Activation of NMDA receptors opens the receptor-operated Ca 2+ channels and thereby elicits a sustained Ca 2+ influx. One of the cellular events observed after Ca 2+ influx is the translocation of PKC from the cytosol to membranes, which results in a sub sequent activation of the enzyme (9, 10) . Vac carino et al. (11) reported that stimulation of glutamate receptors elicits a translocation of soluble PKC into the membranes of cultured cerebellar neurons. The receptor subtypes re lated to PKC translocation seem to be a NMDA-type, because the effect is Mgt+ sensitive and blocked by novel NMDA recep tor antagonists (11) .
Some of the biochemical effects of gluta mate are hardly detectable in adult brain prepa rations; the stimulation of phosphoinositide turnover by glutamate is recognized only in the hippocampal slices from immature rats (6 to 19 days-old) (12) . The activation of guanyl ate cyclase by glutamate and its analogue is clearly noticeable in immature rat cerebellum slices (13) . Actually, glutamate did not cause translocation of PKC in synaptosomes of adult guinea pig (14) and in slices of adult rat brains (15) . To evaluate possible roles of NMDA re ceptors in higher neuronal functions, prepara tions of adult brain seem to be a better ex perimental source. We have examined several adult brain preparations for their susceptibility to biochemical actions of NMDA and found synaptoneurosomes of guinea pig cerebral cor tex to be a good preparation to detect NMDA induced translocation of PKC. Synaptoneuro somes contain both presynaptic and postsynap tic components (16) , and serve as a good prepa ration for some receptor-mediated responses which are hardly detected in synaptosomes (16, 17) . The aim of the present study is to ex plore whether excitatory amino acid receptor agonists elicit PKC translocation from the cytosol to synaptic membranes of adult guinea pig brains.
MATERIALS AND METHODS
Preparation of synaptoneurosome-enriched frac tions of guinea pig cerebral cortex Synaptoneurosomes were prepared from male Hartley guinea pigs (250-450 g) accord ing to the method described by Hollingsworth et al. (16) , with a slight modification. Brains were rapidly removed, and the cerebral cor tices were dissected and homogenized in 7 vol. of oxygenated (95% 02 / 5% C02) ice-cold Krebs-Ringer (KR) buffer (125 mM NaCI, 3.5 mM KC1, 0.4 mM KH2PO4, 5 mM NaHCO3, 5 mM glucose and 20 mM Tes-NaOH, pH 7.4) containing 1.2 mM MgSO4 and 1 mM EGTA in a glass-glass homogenizer (5 strokes). The homogenate was diluted with 30 ml of the same buffer and filtered gently through three layers of a nylon mesh (160,um) and a Milli pore 10-,um filter. The filtrate was centrifuged at 1,000 X g for 15 min. The resulting pellets, synaptoneurosomes, were washed with KR buffer and used for the experiments.
Preparations of cytosol, EGTA-extracted and CHAPS-extracted fractions of guinea pig cere bral synaptoneurosomes
The synaptoneurosomes were suspended in KR buffer containing 16 ,u M bovine serum albumin and incubated at 37°C. After 5 min of incubation, 1.3 mM CaC12 and drugs were added. After another 10 min of incubation, the reaction was terminated by centrifugation at 9,000 X g for 4 min, and then the pellet was washed with a washing buffer (25 mM Tris-HCl pH 7.6, 10 mM EGTA, 2 mM EDTA and 0.25 M sucrose). The pellet was further washed with 0.25M sucrose, 25 mM Tris-HCl buffer (pH 7.6) to remove EGTA, resuspended in 500 ,u l of buffer A (25 mM Tris-HCl pH 7.6, 100,uM leupeptin) contain ing 1 mM EGTA-Ca 2+ buffer (which corres ponded to 1 uM free Ca 2+ concentration) (18) and then homogenized with Sonifire (Bronson Co.) Under these preparative condi tions, the distribution of [3H]PDBu binding in the three subfractions was not artificially changed. The homogenate was centrifuged at 270,000 X g for 15 min to yield the super natant (cytosol) and pellet fractions. The pel let was washed with 220 u l of buffer A con taining 1 ,u M free Ca 2+ and resuspended in 220,ul of buffer A containing 10 mM EGTA and 2 mM EDTA. After standing for 5 min at 4°C, the suspension was centrifuged (270,000 X g, 15 min) to yield the supernatant (EGTA Ext.) and pellet fractions. The pellet, sus pended in 1.6 ml of buffer A containing 10 mM EGTA, 2 mM EDTA and 5 mM CHAPS (about 2 mg CHAPS/mg protein), was incu bated for 30 min at 4°C and then centrifuged at 270,000 X g for 15 min to yield the super natant (CHAPS-Ext. (19) . Fifty microliters of the Sephadex G-25 eluate was added to 200 ,ul of the reaction mixture containing 20 mM Tris-maleate (pH 6.8), 100 mM KC1, 2.5 mM CaC12, 100 ug/ml phosphatidylserine, 30 nM [3H]PDBu and 0.5% dimethylsulfoxide (DMSO) and incubated for 20 min at 30°C. The incubation was terminated by the addition of 4 ml of ice-cold 0.5% DMSO and a sub sequent filtration on 0.3% polyethyleneimine presoaked glass-fiber filters (Whatman GF/B). The filter was washed four times with 4 ml of ice-cold 0.5% DMSO. The radioactivity of the filter was counted with a liquid scintillation counter. Non-specific binding was determined in the presence of 15 uM non-radioactive phorbol 12-myristate 13-acetate (PMA), of which the activity was less than 10% of the binding activity in the absence of PMA. The difference between the bindings in the pres ence and absence of non-radioactive PMA represents specific [3H]PDBu binding.
Protein kinase C assay
Protein kinase C assay was carried out according to the method of Kikkawa et al. (20) with a slight modification. The reaction mixture (0.25 ml) contained 20 mM Tris-HCI (pH 7.5), 5 mM magnesium acetate, 50 ug H1 histone, 1.25 mM CaC12, 1 ug phosphatidylser ine, 0.2 u g diolein, 10/1M [X_32p]ATP and the Sephadex G-25 eluate (25 ug protein) to be assayed. After 3 min of incubation at 30°C, the reaction was terminated by addition of 25% trichloroacetic acid. The acid-precipit able materials were collected by a filtration through membrane filters (0.45 um). The fil ter was washed four times with 4 ml of ice cold 5% trichloroacetic acid. The radioactivity of the filter was counted with a liquid scintilla tion counter. The difference of the incorpora tion of 32P from [ y-32P]ATP into H1 histone between the presence and the absence of CaC12, phosphatidylserine and diolein repre sents the protein kinase C activity. 45Ca2+ influx in synaptoneurosomes 45Ca2+ influx in synaptoneurosomes was de termined as described elsewhere (21) . Briefly, 300 ul of synaptoneurosomal suspension in ox ygenated KR buffer (5 8 mg protein/ml) was incubated for 5 min at 37°C, and 200 ,al of drug solution and 100 ,u 1 of 7.8 MM 45CaC12 (final concentration: 1.3 mM) were added therein. After 10 min of incubation, the reac tion was stopped by addition of ice-cold KR buffer containing 10 mM EGTA and a sub sequent filtration through glass-fiber filters (Whatman GF/B).
/3HJlnositolphosphate formation in synapto neurosomes
[3H]Inositol-1-phosphate (IP) formation was carried out according to the method of Dudek et al. (22) with some modifications. Synapto neurosomes were suspended in 5 vol. of ox ygenated KR buffer containing 0.5 uM [3H]myo-inositol (10 uCi/ml) and incubated for 60 min at 37°C. The suspension was centri fuged (1,000 X g, 10 min), and the resulting pellet was resuspended in oxygenated KR buffer containing 10 mM LiCI (3 5 mg protein/ml). Aliquots of 360 u l of the suspen sion were incubated for 5 min at 37°C and 40 ul of drug solutions was added therein. After 20 min of incubation, the reaction was terminated by adding 4 ml of ice-cold KR buffer and then centrifuged (1,000 X g, 10 min). The resulting pellet was resuspended in 550 ul of 6% tri chloroacetic acid and centrifuged (9,000 X g, 10 min). Separation and determination of [SH]IP were carried out as described previous ly (23). Table 1) . The result was similar to that of guinea pig synaptosomes (14) . The ratios of PKC activity of the cytosol, EGTA Ext. and CHAPS-Ext. were 74%, 1% and 25%, respectively ( Table 1) .
Pretreatment of guinea pig synaptoneuro somes with NMDA decreased the [3H]PDBu binding in the cytosol and concomitantly in creased those in the EGTA-Ext. and CHAPS Ext. in a dose-dependent manner (Fig. 1) . Total binding activity in the homogenate was not affected by NMDA. In a time-course study, the incubation for less than 10 min did not induce any significant change of
[3H]PDBu binding (data not shown). One hundred micromolar glutamate also caused similar changes in the [3H]PDBu bindings in these three fractions, whereas other excitatory amino acid receptor agonists, quisqualate and kainate, did not have any effect on the bind ings at the concentration of 100 MM (Fig. 2) . Calcium ionophore A23187 causes PKC trans location in human neutrophils (26) . A23187 at the concentration of 10 ,u M increased the [3H]PDBu bindings in EGTA-Ext. and CHAPS-Ext. fractions by 7% and 8%, respec tively, and concomitantly decreased that in cytosol by 16%. 45Ca2+ influx in synapto neurosomes was enhanced by 100 ,uM NMDA and glutamate but not by 100 ,u M quisqualate or kainate (Fig. 3) . In contrast, IP formation in synaptoneurosomes was enhanced by 100 ,uM quisqualate and glutamate but not by NMDA (Fig. 4) . Ten micromolar MgSO4, 500 ,uM 2-amino-5-phosphonovaleric acid (APV) and 500 ,u M ketamine antagonized the effect or 100 ,u M NMDA on the distribution of [3H]PDBu bindings in each fraction (Fig. 5) . Zn2+, another antagonist of NMDA receptors (27, 28) , did not affect the NMDA-induced changes in the distribution of [3H]PDBu bind ing at the concentration of 1 mM. Addition of glycine, a coactivator of the NMDA receptor (29) , showed a tendency to potentiate the NMDA-induced changes of [3H]PDBu binding in each fractions (Fig. 6) . 
DISCUSSION
PKC is a key enzyme of signal transduction processes and is involved in several physio logic phenomena in various cells. Transloca tion of PKC from the cytosol to the mem brane, which is triggered by a Ca t+-influx in duced by agonist-stimulations of cells (9, 10) , is a crucial step for activation of PKC, because PKC activity is dependent on the membrane phospholipids. Translocation of PKC has been characterized in several preparations, includ ing cultured cell lines, tissue slices and blood cells (15, 30, 31) . In adult brain preparations, distinct effects of agonists on PKC transloca tion are hardly detected, e.g., the agonists, such as carbachol, norepinephrine, glutamate and high concentration of KC1, did not cause PKC translocation in rat hippocampal slices (15) and in guinea pig synaptosomes (14) . In our study, we examined the effect of NMDA on PKC translocation in adult guinea pig cere bral slices, synaptosomes (14) and synapto neurosomes (16) and found that NMDA caused PKC translocation only in the synap toneurosomes. Hollingsworth et al. (16) sug gested that synaptoneurosomes contain both presynaptic and postsynaptic components are a useful preparation for biochemical stud ies of synaptic transmission. Indeed, some receptor-mediated responses, adenylate cyc lase activity (16) , phosphoinositide hydrolysis (32) and Cl uptake (17) are recognized in this preparation. Fig. 3 . Effect of excitatory amino acids on 45Ca21 in flux in guinea pig synaptoneurosomes. Synaptoneuro somes were incubated for 10 min at 37'C with 1.3 mM 45CaC1 2 in the presence of either 100 aM glutamate (®), 100 aM NMDA (®), 100,uM kainate (ED) or 100 )UM quisqualate (®). Values are means ± S.E.M. of four experiments. * P < 0.05, * * P < 0.01 versus none. When PKC associates to the membranes, it exhibits two different forms, the membrane bound and the membrane-inserted forms (25) . The binding in the former is reversible and calcium-dependent, whereas that in the latter is irreversible and could only be removed by detergents (25, 33) . In the present study, we determined [3H]PDBu bindings in three frac tions, cytosol, EGTA-Ext. and CHAPS-Ext. EGTA-Ext. contains PKC which is bound to the membrane in the presence of Ca 2-1 , and CHAPS-Ext.
contains membrane-inserted PKC (33). In guinea pig synaptoneurosomes, there was a difference between the distribu tions of [3H]PDBu binding sites and PKC activity, especially in the CHAPS-Ext. Since the CHAPS-Ext. fraction contains only the regulatory domain of PKC lacking the cata lytic domain (14) , the binding of [3H]PDBu, which is restricted to the regulatory domain, is higher than the enzyme activity of CHAPS Ext. Melloni et al. (34) reported that membrane-associated PKC was cleaved in the catalytic and the regulatory domains by the calcium-dependent protease calpain. Then the catalytic domain is released into the cytosol, and the regulatory domain will remain in the membranes. Diaz-Guerra et al. (14) (Fig. 5) . Zn2+ is incorporated into synaptic terminals (35) and induces PKC translocation in several cells (36, 37) . Indeed, we found that addition of Zn2+ to guinea pig cerebral homogenate induced translocation of PKC in a dose-dependent manner (data not shown). Glycine, a coactivator of the NMDA receptor (29) , slightly potentiated the NMDA induced translocation of PKC. The results seem reasonable, because glycine increases the affinity of NMDA receptors, but not the num ber of binding sites (38) . It is reported that glutamate induces phos phoinositide hydrolysis through quisqualate type receptors in rat brain slices (39) . Similar ly, in guinea pig synaptoneurosomes, gluta mate and quisqualate but not NMDA en hanced the formation of IP (Fig. 4) . Diacyl glycerol, another product of phosphoinositide hydrolysis, increases the affinities of PKC to Ca 2+ and phospholipid and thereby causes translocation of PKC (30) . Manzoni et al. (40) reported that quisqualate stimulated the formation of inositol phosphates via a meta botropic excitatory amino acid receptor, re sulting in the translocation of PKC in cultured striatal neurons. In adult guinea pig synap toneurosomes, however, phosphoinositide hydrolysis is not likely to be linked to PKC translocation, because quisqualate, which stimu lated phosphoinositide hydrolysis, did not in duce PKC translocation. Since an increase in free intracellular Ca 2+ is a critical step for translocation of PKC in various cells (9, 10) , NMDA is supposed to cause PKC transloca tion through Ca 2+ influx. NMDA and also glutamate, indeed, significantly stimulated the influx of Ca 2+ into synaptoneurosomes. There is no apparent parallelism between the actions of NMDA and glutamate on Ca 2+ influx and PKC translocation. This could be explained by the following observations: Glutamate, but not NMDA, activates Ca 2+ influx by several mechanisms, such as voltage-sensitive Ca 2+ channel and Na+-Ca 2+ exchange, thereby causing a massive influx of Ca2+. Calcium ionophore A23187 also caused PKC transloca tion in the same preparation. In addition, depolarization by high concentration of KC1 evoked a massive Ca 2+ influx as well as gluta mate did, without causing PKC translocation (S. Etoh et al., unpublished results). Based on these results, it is suggested that NMDA in duced translocation of PKC in adult guinea pig synaptoneurosome by activation of NMDA receptor-operated Ca 2+ channels. The guinea pig synaptoneurosomes is one of the useful preparations for the biochemical study of NMDA receptor-operated events.
